To analyze the mechanism of inhibition in greater detail, we isolated NifA mutants which are resistant to the inhibitory action of NifL. Mutations in both the amino-terminal GAF domain and the catalytic AAA؉ domain of NifA were isolated. Several mutants blocked inhibition by NifL in response to both nitrogen and redox status, whereas some of the mutant NifA proteins were apparently able to discriminate between the forms of NifL present under different environmental conditions. One mutant protein, NifA-Y254N, was resistant to NifL under conditions of anaerobic nitrogen excess but was relatively sensitive to NifL under aerobic growth conditions. The properties of the purified mutant protein in vitro were consistent with the in vivo phenotype and indicate that NifA-Y254N is not responsive to the nitrogen signal conveyed by the interaction of NifL with A. vinelandii GlnK but is responsive to the oxidized form of NifL when ADP is present. Our observations suggest that different conformers of NifL may be generated in response to discrete signal transduction events and that both the GAF and AAA؉ domains of NifA are involved in the response to NifL.
Transcription of the genes required for the biosynthesis of molybdenum nitrogenase in Azotobacter vinelandii is regulated by the NifL-NifA system in response to redox, carbon, and energy status. The NifL and NifA proteins play a pivotal role in controlling the expression of nitrogenase and preventing synthesis of this abundant oxygen-sensitive, energy-dependent enzyme under adverse environmental conditions (8) . When conditions are inappropriate for nitrogen fixation, the NifL protein sequesters NifA in a protein-protein complex which prevents NifA, a 54 -dependent transcriptional activator, from making productive interactions with the 54 -RNA polymerase holoenzyme and hence inhibits the activation of transcription by NifA at nif promoters. The A. vinelandii NifA protein is composed of three conserved domains (22) : an amino-terminal GAF domain (1) , implicated in signaling, a central AAAϩ domain (23, 34) , required for transcriptional activation, and a C-terminal DNA binding domain, which tethers the activator at sites appropriate for interaction with the polymerase. Both the amino-terminal GAF domain and the central AAAϩ domain of NifA have been implicated in the response to NifL. It has been proposed that the GAF domain has a regulatory function and may be involved in regulating the activity of the AAAϩ domain in response to NifL (4) . Like other members of the AAAϩ superfamily, the central domain of NifA has an ATPase activity which enables structural changes required for remodeling the substrate. For the 54 -dependent activators, nucleotide hydrolysis leads to a conformational switch that causes the promoter-bound 54 -RNA polymerase holoenzyme to undergo the transition from the closed to the open promoter complex (5, 6) . The isolated AAAϩ domain of NifA is susceptible to inhibition by NifL, indicating that this domain directly interacts with the cognate regulator, although this interaction is apparently weaker than it is when the GAF domain is present. Moreover, whereas the ATPase activity of wild-type NifA is inhibited by NifL, this is not observed when the GAF domain is absent (4) .
The NifL protein is relatively unique among bacterial regulatory proteins in that it is responsive to multiple environmental signals, which are integrated to regulate the activity of its partner protein, NifA. The redox status is sensed via the amino-terminal PAS domain (32a) of NifL, which contains a flavin adenine dinucleotide (FAD) cofactor (13, 18, 29) . Whereas the oxidized form of NifL is competent to inhibit transcriptional activation by NifA, the reduced form does not inhibit NifA activity (13) . The inhibitory action of NifL is also stimulated by the presence of adenosine nucleotides which bind to the Cterminal region of NifL (9, 13, 31) . ADP binds to this domain with an approximately 10-fold-greater affinity than ATP. The C-terminal domain of NifL is also involved in sensing the nitrogen status. This is conveyed by interaction with the signal transduction protein GlnK, which is covalently modified by uridylylation in response the level of fixed nitrogen (2, 24) . Under conditions of nitrogen excess, A. vinelandii GlnK is primarily in its nonmodified form, which is competent to interact with the C-terminal domain of NifL (15, 28) . This interaction enhances the ability of NifL to inhibit NifA (17) . Under conditions of nitrogen limitation, uridylylation of GlnK prevents its interaction with NifL and consequently NifA activity is not inhibited. In addition to these signaling events, which modulate NifL activity in response to redox and fixed nitrogen status, we have recently shown that the activity of the NifLNifA system is itself directly responsive to 2-oxoglutarate, which may provide a means of responding to the carbon status (17, 26) . This response is apparently not mediated via an interaction of 2-oxoglutarate with NifL but requires the GAF domain of NifA (16) .
To understand the mechanism whereby NifL inhibits NifA activity, we have isolated and characterized mutant forms of NifA which are resistant to inhibition by NifL. We obtained mutations in both the GAF and AAAϩ domains of NifA that make the activator nonresponsive to NifL. As anticipated, many of these mutant NifA proteins are resistant to NifL under all growth conditions tested. Surprisingly, however, some mutant proteins are resistant to inhibition by NifL only in response to specific environmental cues. These observations suggest that different conformers of NifL are formed in response to discrete signal transduction events and that the mechanism of inhibition mediated by NifL in response to the redox status may be different from that imposed in response to the nitrogen status.
MATERIALS AND METHODS
nifA mutagenesis, genetic screen, and plasmid constructions. Error-prone PCR mutagenesis of A. vinelandii nifA was carried out with Taq DNA polymerase by using standard reaction conditions. Reaction mixtures containing 0.1 ng of template pPR34, 0.2 pmol of each downstream and upstream primer, 0.1 mM (each) deoxynucleoside triphosphate, 2 mM MgCl 2 , and 1 U of enzyme. Reactions were performed for 30 cycles. Primers P1 (5ЈCAGGGAATGCCCATGA ATGC3Ј) and P25 (5ЈGTTGTCGACCCCGGTCAGCG3Ј) were utilized to mutate the N terminus and the central domain of NifA up to the site corresponding to the PshA1 restriction site. PCR products were gel purified and digested with either MunI and XhoI or XhoI and PshA1 and recloned into pPR34 (31) digested with the same enzymes. A second primer combination, P24 (5ЈGAGTCCGGT ACCGGCAAGG3Ј) and P25 was applied to mutagenize only the central domain of NifA. In this case the resulting PCR products were digested with Asp718 and PshA1 and recloned into pPR34.
Site-directed mutagenesis of NifA was carried out with the QuickChange site-directed mutagenesis kit (Stratagene). XhoI-PshI fragments containing the mutations were subcloned into pPR34, and single mutations were confirmed by DNA sequencing.
To identify NifA mutants which escape inhibition by NifL, ligation mixtures were transformed by electroporation into strain ET8000 containing the reporter plasmid pRT22, which carries a Klebsiella pneumoniae nifH-lacZ translational fusion (26, 31, 33) . Transformants were selected on minimal medium plates containing (NH 4 ) 2 SO 4 (1 mg/ml) as a nitrogen source, supplemented with glucose (2%) as the carbon source, X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside; 20 g/ml), chloramphenicol (30 g/ml), and ampicillin (50 g/ml) and incubated aerobically. Mutants that escape inhibition by NifL were identified as dark or light blue colonies on plates due to their ability to activate transcription under conditions inappropriate for nitrogen fixation. Plasmid DNA was recovered from candidates and introduced back into the host strain to recheck phenotypes, and the DNA sequences encoding both the N-terminal (GAF) and central domains (AAAϩ) of each candidate were determined. Plasmids used in this study are shown in Table 1 .
To monitor the activities of the NifA mutant proteins in the absence of NifL, either SmaI-HindIII or XhoI-HindIII fragments were subcloned into the SmaIHindIII or XhoI-HindIII sites of pPR39, which carries the 3Ј end of nifL and wild-type nifA (26, 31) .
The expression vector pT7-7, used previously for overexpression of wild-type NifA (3), was also used to purify the mutant protein NifA-Y254N. To facilitate the cloning of the mutated DNA fragment, an XhoI kanamycin resistance cas- (26, 30) . Bands were visualized with the ECL (enhanced chemiluminescence) system from Amersham.
␤-Galactosidase assays and growth conditions. To assay ␤-galactosidase activity, Escherichia coli strains were transformed with plasmid pRT22, with carries a nifH-lacZ translational fusion. NifA activity was measured by determining the level of expression from the nifH promoter. To monitor the ability of NifL to inhibit NifA activity, E. coli strains were transformed with plasmids pRT22 and either pPR34 or its mutant derivatives. The activity of NifA alone was assayed by transforming E. coli strains with plasmids pRT22 and either pPR39 or its mutant derivatives (Table 1 ) (31) .
For ␤-galactosidase assays, E. coli strains were grown to late exponential phase in Luria-Bertani medium at 30°C in the presence of appropriate antibiotics. Aliquots (50 l) of these cultures were then inoculated into 4 ml of NFDM medium supplemented with 200 g of casein hydrolysate ml Ϫ1 and 25 g of glutamine ml
Ϫ1 for nitrogen-limiting conditions or with 1 mg of (NH 4 ) 2 SO 4 ml Ϫ1 plus 25 g of glutamine ml Ϫ1 for nitrogen excess conditions. Cultures were grown in a plastic vial (internal volume, 7 ml) sealed with a rubber closure for anaerobic conditions. When conditions required aerobiosis, 5-ml cultures were grown with vigorous shaking in 25-ml conical flasks.
Protein purification. Histidine-tagged proteins used in this work were purified as described previously (15) . A. vinelandii GlnK, 54 , and integration host factor (IHF) were also purified as previously described (15, 17, 31) . NifA and NifA-Y254N were purified as described previously (3) but with the following modifications. Aerobically grown cultures of E. coli BL21(DE3) pLysS carrying either plasmid pDB737 or pPM1K were induced with IPTG (isopropyl-␤-D-thiogalactopyranoside; 1 mM) for 3 h at 30°C in Luria broth. Crude cell extract was obtained by disruption with a French press in buffer A (25 mM Tris-Cl [pH 8.0], 5% glycerol, 0.1 mM EDTA, 1 mM dithiothreitol [DTT], 50 mM NaCl), and the supernatant fraction was precipitated with ammonium sulfate to 55% saturation. The precipitate was dissolved and dialyzed at 4°C for 2 h in buffer A. For NifA-Y254N buffer A also contained 50 mM KSCN at this stage. Dialyzed protein was chromatographed on a 5-ml HiTrap heparin-Sepharose column in buffer A with a linear gradient of 50 to 500 mM NaCl. Peak fractions were pooled and applied to a 1-ml Mono Q column developed in buffer B (50 mM Tris-Cl [pH 8.0], 10% glycerol, 0.1 mM EDTA, 1 mM DTT, 50 mM NaCl, 50 mM KSCN) with a linear gradient of 50 mM to 1 M NaCl. Peak fractions, which eluted at approximately 0.5 M NaCl, were pooled and further purified by gel filtration on Superose 12 in buffer B. NifA was stored in buffer C (50 mM Tris-Cl [pH 8.0], 50% glycerol, 0.1 mM EDTA, 1 mM DTT, 50 mM NaCl) in liquid nitrogen.
Open promoter complex assays. NifA-promoted catalysis of open promoter complexes by 54 -RNA polymerase was used to assay NifA activity and its inhibition by NifL as described previously (9, 15) . Linearized template DNA was provided by digesting plasmid pNH8 with EcoRI and BamHI to yield a 260-bp fragment, including the K. pneumoniae nifH promoter and upstream activator sequences, which was 3Ј end labeled with [␣- 32 P]dGTP at the BamHI site. Reactions (reaction mixture final volume, 15 l) were carried out in TAP buffer (50 mM Tris-acetate, 100 mM potassium acetate, 8 mM magnesium acetate, 3.5% polyethylene glycol 8000, 1 mM DTT, pH 7.9) containing 5 nM template DNA, 3.4 g of denatured salmon sperm DNA/ml, 125 nM core RNA polymerase, 200 nM 54 , 100 nM IHF, and 3.5 mM ATP. GTP (final concentration, 500
M) was present prior to the heparin challenge to allow formation of initiated complexes, which are more stable than open promoter complexes (9) . In some cases an ATP-regenerating system was provided by adding creatine kinase (20 U/ml) and creatine phosphate (12 mM). The reaction components (including A. vinelandii GlnK at the concentrations indicated in Fig. 3 ) were preincubated for 2 min at 30°C, and reactions were then initiated by the addition of either NifA alone or NifA plus NifL. After a 20-min incubation, reaction mixtures were mixed with 3 l of dye mixture containing 50% glycerol, 0.05% bromophenol blue, 0.1% xylene cyanol, and 2 g of heparin and immediately loaded onto a 4% (wt/vol) polyacrylamide gel (acrylamide/bisacrylamide ratio, 80:1) in 25 mM Tris-400 mM glycine, pH 8.6, which had been prerun at 180 V at room temperature down to a constant power of 2 W. Gels were run for 2.5 to 3 h at 100 V and were dried down, and the percentages of radioactivity in open complexes were quantitated with the Fujix BAS1000 phosphorimager. For assays performed under reducing conditions (see Fig. 4A ) reaction mixtures were degassed in TAP buffer and introduced into an anaerobic glove box (13) . Sodium dithionite solutions in TAP buffer were prepared separately in the glove box and added to the reaction mixture as indicated in the Fig. 4 legend. Components were then preincubated at 30°C for 2 min prior to the addition of NifA or NifA plus NifL (final concentrations are indicated in the figure legends); the proteins were also degassed in TAP buffer and introduced separately into the glove box. After a 20-min incubation, 1/5 volume of degassed dye mixture (containing heparin as described above) was added, and the reaction mixtures were removed from the glove box and subjected to electrophoresis and image analysis as described above.
RESULTS

Isolation of NifA mutants resistant to inhibition by NifL.
We have shown previously that, when the A. vinelandii nifL and nifA genes are expressed from a constitutive promoter in E. coli, transcriptional activation of a nifHp-lacZ reporter is responsive to fixed nitrogen and oxygen in vivo, indicating that the Azotobacter NifL and NifA proteins are competent to interact with signal transduction components in E. coli (26, 31) . We have used this reporter system to screen for NifA mutants which escape inhibition by NifL. Previous work has demonstrated that both the N-terminal and central domains of NifA are involved in the response to NifL (4). To generate mutant forms of NifA, we performed random PCR mutagenesis of the DNA encoding the N-terminal and central domains of NifA, recloned the mutated fragments to reconstitute the nifL-nifA operon, and screened for colonies on X-Gal indicator plates, which gave increased expression of the reporter under aerobic conditions when the plates contained excess fixed nitrogen. Under these conditions, NifL strongly inhibits NifA activity in response to both oxygen and fixed nitrogen. Hence, colonies containing wild-type nifL and nifA are white and nifA mutants which are insensitive to nifL are blue. We observed a variety of phenotypes derived from the nifA mutant PCR library ranging from dark blue to very pale blue. In some cases colonies were white with a light blue center. We reasoned that this could occur if mutant NifA proteins remained sensitive to oxygen but, in the relatively anoxic environment in the center of the colony, exhibited insensitivity to fixed nitrogen. This hypothesis was subsequently substantiated by more-detailed analysis (see below).
Sequencing mutant nifA alleles demonstrated that mutations giving rise to insensitivity to NifL were located in both the N-terminal and central domains of NifA (Fig. 1) . In some cases, multiple mutations were encountered, but the mutation responsible for the resistance phenotype could be distinguished by recloning specific DNA fragments to reconstitute the nifLA operon or by reintroducing single mutations by sitedirected mutagenesis.
In vivo properties of the mutants. Measurement of ␤-galactosidase activity from the nifHp-lacZ reporter in wild-type E. coli strain ET8000 indicated that the mutant NifA proteins could be divided into several different classes based on their response to NifL. The mutations L120P, R155C, K230E, and E356K gave rise to constitutive NifA activity, and the associated mutants showed little response to NifL when strains were grown either with excess fixed nitrogen or under aerobic conditions ( Table 2 ). The activities of these mutant proteins were similar to the activity demonstrated by NifA in the absence of NifL (Table 2 ). Since the stoichiometry of NifL and NifA is important in maintaining bona fide gene regulation (11, 12, 31) , it is possible that the phenotype of the mutants could reflect increased stability of NifA and consequent "titration" of the signals transmitted by NifL to NifA. However, Western blotting indicated that the mutant proteins accumulated to levels similar to that of wild-type NifA under the growth conditions used for the ␤-galactosidase assays (Fig. 2) . In contrast to the constitutive mutants, NifA-Y254N was sensitive to NifL inhibition under aerobic growth conditions but showed substantial resistance to inhibition by NifL when cultures were grown anaerobically under conditions of nitrogen excess (Table 2 ). Western blotting indicated that this mutant protein is apparently as stable as wild-type NifA under both anaerobic and aerobic growth conditions (Fig. 2) . Therefore, the differential response of the mutant protein to the fixed nitrogen and oxygen status is unlikely to be a consequence of differences in protein stability. It therefore appears that NifA-Y254N can discriminate between the form of NifL present under anaerobic, N excess conditions and that present under aerobic conditions.
A different mutant phenotype was displayed by NifA-A249V and the double mutant NifA-E394K,F395S in the presence of NifL. These mutants exhibited high levels of activity under nitrogen-limiting, anaerobic conditions compared with wildtype NifA but remained responsive to NifL under aerobic growth conditions or in the presence of excess fixed nitrogen (Table 2) . We have show previously that A. vinelandii NifL retains some inhibitory function even under conditions that are appropriate for nitrogen fixation in E. coli, suggesting that factors required to maintain NifL in its inactive form may be limiting under our assay conditions (26) . Thus, the NifA-A249V and NifA-E394K,F395S proteins are apparently responsive to regulation by NifL but escape the inhibitory function of NifL observed under nitrogen-fixing conditions with wild-type NifA (Table 2) . Site-directed mutagenesis was performed to examine the activities of single NifA-E394K and NifA-F395S mutant proteins. Interestingly, NifA-E394K was more resistant to NifL under aerobic conditions than the double mutant (Table 2) , whereas NifA-F395S escaped the inhibitory function of NifL only under anaerobic, nitrogen-limiting conditions (Table 2) . Although NifA-F395S is apparently less stable than wild-type NifA under the latter conditions, the difference in the responses of NifA-E394K and NifA-F395S to NifL cannot be explained by differences in the stabilities of the two mutant proteins (Fig. 2) . The dominance of the F395S mutation with regard to the phenotype of the double mutant may suggest that the phenylalanine residue at position 395 is required for the resistance of NifA-E394K to the oxidized form of NifL.
Another interesting phenotype was exhibited by NifA-F263S, which had more activity in the presence of fixed nitrogen than under nitrogen-limiting conditions (Table 2 ). This mutant protein exhibited relatively high levels of activity under both anaerobic and aerobic conditions, suggesting that it is resistant to the oxidized form of NifL. The F263S mutation apparently influences the stability of NifA since lower levels of the mutant protein accumulated compared with the wild type under all the growth conditions tested (Fig. 2C) . However, the level of accumulation did not correlate with the activities observed under the different growth conditions, suggesting that the mutation influences activity in addition to stability.
To ensure that the responses of mutant NifA proteins were associated with the presence of NifL, we also cloned the mu- tations into plasmid pPR39, which lacks almost the entire coding sequence of NifL (with the exception of residues 454 to 519) and whose product exhibits no inhibitory activity against NifA (26, 31) . All the mutant proteins exhibited activities characteristic of wild-type NifA in the absence of NifL (Table 3 and unpublished results), with the exception of NifA-F263S, which showed low activity under nitrogen-limiting conditions compared with wild-type NifA. Thus, the apparent reversal of the nitrogen response exhibited by this mutant protein is apparently not modulated by the presence of NifL (Table 3) , and therefore the F263S mutation alters a response intrinsic to NifA. Influence of nitrogen-regulatory genes on the activities of mutant forms of NifA in the presence of NifL. We have previously demonstrated that the nitrogen response of the A. vinelandii NifL-NifA system in E. coli involves the PII paralogues GlnB and GlnK and a gene or metabolite influenced by the presence of NtrC (26) . It was therefore of interest to determine whether nitrogen-regulatory genes influence the activities of the mutant forms of NifA which escape inhibition by NifL. As anticipated, NifA-E356K, which shows constitutive NifA activity in the presence of NifL, did not respond to the nitrogen-regulatory mutations (Table 4 ). In contrast, NifA-A249V was sensitive to the fixed nitrogen signal conveyed by NifL in the glnB and glnK backgrounds but exhibited little response to fixed nitrogen in the glnB ntrC background (Table  4) . Thus, like the nitrogen response of wild-type NifA, that of NifA-A249V apparently requires glnB and ntrC (26) . Similar results were observed with the NifA-E394K,F395S double mutant (data not shown). The responses of these mutant proteins to excess fixed nitrogen therefore parallel that shown previously for wild-type NifA. In contrast, the activity of NifA-Y254N was far less responsive to the nitrogen-regulatory mutations, congruent with its relative insensitivity to nitrogen regulation in the wild-type E. coli background. Since NifA-Y254N is sensitive to redox control mediated by NifL (Table  2 ), it appears that this mutant NifA protein can discriminate between the inhibitory forms of NifL present under aerobic conditions and that present under anaerobic, N excess conditions.
Influence of NifL on transcriptional activation by NifA-
FIG. 2. Stability of mutant proteins under various growth conditions as determined by Western blotting.
All strains carried plasmid pRT22 and either plasmid pPR34, which encodes NifL and NifA, or a derivative of this plasmid encoding a mutant form of NifA (Table 1) . Samples were taken from cultures grown under the conditions used for the ␤-galactosidase assays in Table 2 , with limiting nitrogen under anaerobic conditions (ϪN ϪO), limiting nitrogen under aerobic conditions (ϪN ϩO), excess nitrogen under anaerobic conditions (ϩN ϪO), or excess nitrogen under aerobic conditions (ϩN ϩO). Equivalent levels of total cell protein were subjected to electrophoresis and Western blotting with anti-NifA antiserum as described in (9) . To simplify assays for measuring the response of NifA-Y254N to NifL, we made use of the truncated NifL(147-519) protein, which is responsive to the status of fixed nitrogen but which does not show the redox response, since it lacks the redox-sensitive PAS domain (26, 31) . This truncated NifL protein therefore enables measurement of the nitrogen response of NifL in vitro, in the absence of the redox response (15, 17) . We have shown previously that the inhibitory activity of NifL is stimulated by adenosine nucleotides and that this response is alleviated in the presence of 2-oxoglutarate, which is an allosteric effector of the NifL-NifA system (17) . The inhibitory activity of NifL is also stimulated by interaction with the PIIlike protein encoded by A. vinelandii glnK via the interaction of this protein with the C-terminal kinase-like domain of NifL (15) . Our current model for nitrogen control of the NifL-NifA system suggests that the nonmodified form of the A. vinelandii GlnK protein stimulates NifL activity under conditions of nitrogen excess. The ability of NifA-Y254N to respond to NifL in the presence of ADP, 2-oxoglutarate, and A. vinelandii GlnK was therefore of interest. To examine the response of the mutant protein to the redox switch mediated by NifL, we measured NifA activity aerobically in the presence of oxidized wild-type NifL or made use of a glove box to measure the response to reduced NifL in the presence of sodium dithionite (13) .
NifA-Y254N had activity identical to that of wild-type NifA in promoting the formation of open promoter complexes by the 54 -RNA polymerase holoenzyme (Fig. 3A) , and therefore the in vivo phenotype of this mutant cannot readily be explained on the basis of increased NifA activity per se. In contrast to the activity of wild-type NifA, which is inhibited by the ADP-bound form of NifL(147-519) 6His , the ability of NifA-Y254N to form open promoter complexes was not greatly influenced by NifL(147-519) 6His in the presence of ADP (Fig.  3B) . Since NifA-Y254N was resistant to NifL in the presence of ADP, it was not possible to measure relief of inhibition in response to 2-oxoglutarate (17) . Addition of this ligand did not influence the activity of the mutant protein in the presence of NifL and ADP or ATP (data not shown). A. vinelandii GlnK, even when present in considerable excess, had little influence on the activity of NifA-Y254N when 2-ketoglutarate, ATP, and NifL(147-519) 6His were also present (Fig. 3C ). In contrast, the addition of A. vinelandii GlnK increased inhibition by NifL(147-519) 6His in the presence of wild-type NifA, as shown previously. Thus, NifA-Y254N is resistant to the negative influence that A. vinelandii GlnK exerts on NifL(147-519) 6His in vitro, commensurate with its relative insensitivity to nitrogen regulation in vivo.
We also measured the response of NifA-Y254N to the redox switch mediated by native NifL in vitro. As shown previously (13), when NifL was reduced by sodium dithionite under anaerobic conditions in a glove box, it did not inhibit wild-type NifA but was activated by the oxidized form of NifL in the absence of dithionite (Fig. 4A, compare lanes 5 and 4) . In contrast, NifA-Y254N apparently did not respond to the redox switch mediated by NifL and was active in the presence of both oxidized and reduced NifL (Fig. 4A, compare lanes 6 and 7) . In similar assays performed under aerobic conditions, NifA-Y254N was resistant to oxidized NifL, except when NifL was present in considerable excess (Fig. 4B) . However when ADP was present in addition to oxidized NifL, NifA-Y254N was susceptible to inhibition, albeit at higher concentrations of oxidized NifL than those observed with the wild-type NifA protein (Fig. 4C) . Hence, the presence of ADP in combination with oxidized NifL gave rise to inhibition of NifA-Y254N activity.
DISCUSSION
The mechanism of inhibition of A. vinelandii NifA activity by NifL is intricate, involving the formation of a protein complex which inhibits ATP hydrolysis by the activator. NifL may also act at a stage subsequent to ATP binding or hydrolysis to prevent engagement of the activator with the 54 -RNA polymerase holoenzyme. Both the amino-terminal GAF domain and the central AAAϩ domain of NifA have been implicated previously in the response to NifL, and, accordingly, mutations in both domains which render NifA resistant to the inhibitory functions of NifL were obtained in this study.
The GAF domain of NifA is not absolutely required for NifL to inhibit NifA (4), but, when this domain is absent, the interaction between NifL and a truncated form of NifA is less stable (21) . Furthermore, the catalytic activity of the central domain is no longer susceptible to inhibition by NifL when the GAF domain is removed (4) . Protein footprinting experiments suggest that, when the NifL-NifA complex is formed, residues in the GAF domain and in the Q linker between the GAF and central domains are protected from proteolysis (20) . Hence the N-terminal GAF domain may directly contact NifL, or changes cules (14) . Modeling the NifA GAF domain on the YKG9 prototype structure (14) indicates that the mutations L120P and R155C are located in surface-exposed loops. Leu 120 is predicted to lie in a loop between ␤ sheets 4 and 5. Residues in this loop are susceptible to proteolysis in the absence of NifL (16; R. Little and R. Dixon, unpublished results). The predicted location of Arg 155 is in the ␤6-␣5 loop, which in cyclic GMP (c-GMP)-phosphodiesterase is proposed to fold over the bound c-GMP (14) . These observations are interesting in the light of our recent finding that the GAF domain is required for the response of the NifL-NifA system to 2-oxoglutarate and that the isolated GAF domain binds 2-oxoglutarate (16; R. Little and R. Dixon, unpublished results). Members of the AAAϩ family function as oligomers, often as hexamers arranged in a ring structure (23, 34) . The binding of a nucleotide promotes the oligomerization of 54 -dependent activators (10, 27, 35) , and it is likely that NifL perturbs nucleotide-dependent interactions required for protomer association and/or conformational changes necessary for the interaction of NifA with 54 -RNA polymerase. Mutations in the central AAAϩ domain of NifA which result in constitutive insensitivity to NifL may affect residues which are either required for direct interaction with NifL or involved in intramolecular repression mediated by the GAF domain when NifL is present. Interestingly, mutations giving rise to constitutive resistance to NifL, namely, K230E and E356K, are charge changes, perhaps indicating that these mutations disrupt ionic protein-protein interactions. A lysine or arginine residue is conserved at position 230 in NifA proteins from the ␥ subdivision of the proteobacteria but is not conserved in other members of the 54 -dependent activator family and thus could provide specificity for the NifL interaction. Sequence alignments with known AAAϩ structures suggest that this residue is located in a loop (equivalent to the ␣5-␤12 loop in p97). The glutamate residue at position 356 is also conserved in NifA proteins but not in other 54 -dependent activators. Structure based alignments suggest that this residue is located in a loop region in the "minimum AAAϩ consensus," a conserved feature characteristic of the AAAϩ family (36) .
A. vinelandii NifL is responsive to multiple environmental signals such that the ability of NifA to activate transcription is inhibited by NifL under conditions which disfavor nitrogen fixation. It is possible that, although different signals (e.g., redox and fixed nitrogen) are perceived independently by NifL, transduction of the signals and consequent inhibition of NifA activity occur via a unitary mechanism in which a common conformational change in NifL leads to the formation of the NifL-NifA complex. Alternatively, the independent perception of different signals could lead to discrete differences in the inhibitory conformers of NifL and in the natures of the complexes formed under different environmental conditions. The results presented in this paper provide some support for the latter model since we have isolated NifA mutants that are insensitive to NifL in response to particular environmental cues.
A distinctive feature of the NifA-A249V and NifA-F395S mutants is greater resistance to NifL under N-limiting, anaerobic conditions, but these mutant proteins remain sensitive to NifL under nitrogen excess or under aerobic conditions. The mutations may alter the conformation of NifA so that it is more resistant to the form of NifL present in E. coli under nitrogen-limiting, anaerobic conditions. The alanine at position 249 is highly conserved in 54 -dependent activators, whereas F395 is only conserved in NifA proteins from the ␥ subdivision of the proteobacteria. The in vivo properties of the NifA-E394K protein are more complex since the mutation renders NifA insensitive to NifL under aerobic conditions. But the protein retains some response to fixed nitrogen under anaerobic conditions, suggesting that it is more sensitive to the nitrogen signal transmitted by NifL when NifL is in its reduced form. Structure-based alignments with the AAAϩ family suggest that residues 394 and 395 are located in an ␣ helix, with residue E394 being surface exposed.
The properties of the F263S mutation are particularly intriguing because, although this substitution leads to resistance to NifL, the mutant protein displays an inverted nitrogen response, which is a characteristic of the mutant NifA protein per se since this property is conferred in the absence of NifL. Although we cannot rule out the possibility that the mutant phenotype is a consequence of changes in NifA stability, the mutation may alter the interaction of the central AAAϩ domain with the GAF domain so that the activity of the mutant protein is intrinsically responsive to the binding of 2-oxoglutarate.
The Y254N mutation in NifA is located in a predicted ␣ helix located immediately downstream of the Walker A (Ploop) motif in the central domain (25) . The tyrosine residue at this position is not conserved in NifA proteins, and in some cases this residue is an asparagine, as when the Y254N mutation occurs. Notably, however, in such examples, NifA is not regulated by a NifL-like protein in the host diazotroph. The Y254N mutation confers resistance to NifL under conditions of nitrogen excess, but the mutant remains responsive in vivo to oxidized NifL present in E. coli. The inability of NifL to transmit the nitrogen status to NifA-Y254N was evident from the lack of response to nitrogen-regulatory mutations in E. coli. The biochemical properties of the purified mutant protein are consistent with these observations since, in contrast to wildtype NifA, the NifA-Y254N protein is resistant to the ADPbound form of NifL(147-519) and the presence of A. vinelandii GlnK does not enable NifL(147-519) to inhibit NifA-Y254N. Therefore, NifL(147-519) is apparently unable to assume a conformation which is competent to inhibit NifA-Y254N, even when activated by the GlnK protein (15) . Our in vitro experiments also indicate that this mutant protein is not responsive to the redox status of native NifL, unlike wild-type NifA (Fig.  4A ). However, it should be noted that these assays were conducted in the absence of adenosine nucleotides, which potentiate the activity of NifL (9, 13) . In the presence of ADP, NifA-Y254N was responsive to oxidized NifL, albeit at higher concentrations than those observed with wild-type NifA. Our results therefore demonstrate that NifA-Y254N can discriminate between NifL(147-519) and the oxidized form of native NifL in vitro. Taken together, the in vivo and in vitro data suggest that NifA-Y254N is insensitive to the nitrogen signal transmitted by NifL under anaerobic conditions but is sensitive to the oxidized form of NifL, although less so than wild-type NifA. Since NifA-Y254N can apparently discriminate between the form of NifL present under oxidizing conditions and that present under conditions of nitrogen excess, it is likely that the nature of the inhibitory complex formed between reduced NifL and NifA in the presence of A. vinelandii GlnK is different from the nature of the complex formed between NifL and NifA under oxidizing conditions. Thus, discrete conformers of NifL may be generated in response to different environmental cues.
